Abstract
Introduction
With the exponential growth of information widely accessible in the modern society, knowledge management more and more relies upon the ability to select information relevant to our needs efficiently, and the ability to manage emerging structures of knowledge.
As noted in [16] , geographically dispersed organisations particularly need knowledge management and organisational memory tools that encourage users to understand each other's ever-changing contextual knowledge and foster collaboration while capturing, representing and interpreting the knowledge resources of their organisations.
Most information filtering techniques are based on the notion of user profile, which describes what information is of interest to the user [13] . Information is matched against a given user profile in order to determine whether the information is close enough to the user's interest to be selected.
Information filtering traditionally focuses on the relationship between a given user profile and information at hand. On the other hand, an exploitation of interrelationships among selected information may put otherwise isolated information into a meaningful context. The implicit structures revealed should help users to use and manage information more efficiently [22] . Dourish and Chalmers discussed three types of metaphors for the design and use of an information space, namely spatial navigation, semantic navigation, and social navigation [10] . A spatial metaphor provides users various cues in association with an underlying spatial model, such as a room, a city, or landscape. Semantic navigation focuses on how users can effectively search in an information space based on semantic relationships. Instead of focusing on geometrical or semantic cues, the idea of social navigation suggests that a good strategy is to follow the clustering of like-minded individuals in an information environment. As Erickson noted in [11] , "a consequence of having a shared, meaningful space was that actions in that space were meaningful, and often triggered discussions and explanations." In this paper, we will show how the notion of spatial, semantic, and social navigation can be integrated for knowledge management and organisational memory.
Jasper is an information filtering and sharing system [8] . It maintains a collection of summaries and annotated reference links to documents on the World-Wide Web (WWW). In Jasper, such a collection is called a store. Generalised Similarity Analysis (GSA) is a framework for structuring and visualising hypermedia networks [3; 4] . It unifies a number of similarity-based models and visualises salient structural patterns of interconnected documents.
In this paper we describe a unique type of a knowledge management system  a virtual reality-enabled multi-user virtual environment with spatialised semantic structures. The design principle is illustrated based on an example with the Jasper information filtering and sharing environment. A group of professional users Proceedings of the 32nd Hawaii International Conference on System Sciences -1999 0-7695-0001-3/99 $10.00 (c) 1999 IEEE collaboratively recommend documents found on the WWW to the Jasper system. Jasper checks a recommended document against preferences and special interests of users, in terms of user profiles. Jasper then evokes its intelligent agents to notify appropriate users according to the match between incoming documents and user profiles. An important concept that we will introduce in this paper is called reference points. We will show that how each user profile can be embedded into the spatial structure of a virtual world as a reference and how these reference points will attract relevant documents to its vicinity. This paper is organised as follows. First, we introduce the Jasper system and underlying techniques to be used. Second, we review related work. Third, we outline the GSA framework and highlight how we tailor a generic approach to this particular application. Four, we present the results of the work. Finally, we discuss related design issues and future work.
Jasper
JasperJoint Access to Stored Pages with Easy Retrieval is an information filtering and sharing environment [8] . Jasper maintains a collection of summaries and reference links to documents on the WWW. Each document entry in Jasper has been entered by a user if the user believes other Jasper users would find it useful. Jasper is a rich source of information, where documents will be of high relevance to the users who have access to the collection. In this paper, we refer to a document entry in Jasper as a document for simplicity. Each Jasper user has a user profile which is modified by Jasper based on the documents in which they show interest [9] .
One underlying thesis of the work described here is that a collection of this type will have highly focused clusters which can be usefully exploited. When the user finds a WWW document of sufficient interest, the user can add the document into the store and annotate the nature of the document. There are four ways of accessing the Jasper store:
1. Keyword Retrieval. The user specifies a few keywords as a query. Jasper then retrieves the most closely matching documents held in the Jasper store, using a simple keyword matching and scoring algorithm. Any annotation made by the original user is shown along with the scores of each retrieved page.
2. What's New. This function allows the user to retrieve the most recently stored documents. It determines which of these documents best match the user's profile based on the same keyword matching algorithm used for keyword retrieval.
3. Email notification. When a document is stored by Jasper, the system checks the profiles of users who contribute to the Jasper store in question. If the match between the document and a user's profile is sufficiently close, an email message is automatically sent to the user concerned. The message informs the user of the arrival of the new document and gives a document reference via which the user can access a summary of the document in Jasper or the entire document directly on the WWW.
4. Interest Groups. When a user stores a document in Jasper, the user can specify which interest groups should be notified the new document. These interest groups, similar to many Usenet newsgroups, have more specific topics. For example, the following interest groups have been used with Jasper: Intelligent Agents, Data Mining and Electronic Commerce. Jasper users can visit interest group documents.
Currently, the Jasper system does not explicitly show interconnections across documents in the stores. Previous studies suggested that structural visualisation and implicit structures revealed in spatial hypertext can help users to understand and manipulate interrelationships in a complex information space [12; 22] . For example, browsing tasks are likely to become easier with a graphical map of the information structure [7] . Spatial arrangements of documents can also help users to organise information more easily.
We focus on how the document space in Jasper can be visualised so that users can clearly see the interrelationships between their interests and information collected by Jasper.
We hypothesize that since the Jasper store is the result of information filtering by a set of users with related interests, the visualisation of the store should reveal clusters that are strongly associated with users' profiles. Users then would benefit from the explicitly represented relationships between their interests and the readily available information.
The following section reviews previous work in related areas and identify major issues to be addressed.
Related Work
The principal motivation of our work is to provide users a clear and concise visual representation of a complex information structure. Some related issues and solutions have been explored in earlier information systems. For example, Utting and Yankelovich [23] • returning to a previously visited document.
All these tasks may lead to disorientation and cognitive overhead. Previous research has highlighted the role of graphical maps or structural overviews in reducing disorientation and cognitive overhead (see [7] ). We outline several design issues as follows and how these issues have been reflected in the design of the new user interface for Jasper stores.
Spatial Layout
A spatial layout specifies the positions of nodes and how they are connected by links. The positions of nodes are essential to a visually appealing structural visualisation. The major concern of node placement is how to optimise the configuration of nodes such that the resultant spatial relationships truly reflect the essence of an underlying semantic structure. Salient interrelationships in the information structure are explicitly represented by links. In addition, the length of a link in the visualisation should be proportional to the corresponding semantic distance. It is important that we distinguish essential links that should be preserved in the visualisation from the remaining links that can be omitted. All the essential links are taken into account in a selforganised node placement process. Apart from selforganised approaches as we used in this work, there are other approaches to information visualisation, which are beyond the scope of this paper (e.g., [1; 15; 18] ).
SemNet
SemNet is one of the pioneering systems using graphical representations to visualise the structure of a knowledge base [12] . SemNet was designed to enable users to have an easy access to a large knowledge base. It addressed questions such as, how should large knowledge bases be presented to users? How should users explore, manipulate and modify these knowledge bases?
The fundamental design rationale of SemNet was to enable users to draw upon the skills that they have already developed in everyday life for recognising and manipulating visual patterns in three-dimensional space. SemNet embedded the knowledge base into a threedimensional (3D) space as a directed graph. The designers of SemNet studied various node-positioning methods. In particular, SemNet used Multidimensional Scaling (MDS) and simulated annealing to position the nodes so that two nodes directly connected by a link were closer to each other than those not directly connected.
Our approach differs from SemNet in the following aspects:
• SemNet derived proximity measures from logical relations encoded into a particular knowledge base, whereas our approach extracts structural patterns directly from a collection of documents.
• Node positioning in SemNet takes all the available information into account concerning inter-document connections, whereas we investigate how a concise and representative spatial layout can be derived from a subset of the information to reduce the overall complexity.
Intermedia
Intermedia is among the first hypertext systems using local maps to support browsing [23] . Intermedia explored various strategies to provide a compact spatial layout to the user. One example was "minimal links placement", in which the distance between two documents in the information space was defined as the smallest number of links connecting the two documents.
Utting and Yankelovich [23] noted that updating a spatial layout, such as adding new nodes or deleting existing links, may destroy all the patterns and clusters that users are familiar with. Users, therefore, may find it difficult to predict how their actions on the network will alter the spatial layout.
They suggested a semi-spatial approach to minimise radical changes in a spatial map. In this approach, users can specify a number of key documents. The positions of key documents are fixed in a spatial layout, while the positions of other documents are fully configurable. This approach has an appealing self-organising effect in that relevant documents tend to be clustered around key documents specified by users.
Utting and Yankelovich pointed out that a user who is unfamiliar with the content of the space may still find it difficult to find a good place to begin browsing. Even a key document may not always provide a good starting point for browsing. They suggested an integration of search and browsing. One can use queries such as: "Find 10 documents with the highest number of outgoing links" and "Find all the documents created yesterday" to locate specific starting points.
Instead of fixing the position of some key documents, we embed users profiles into the document space and allow them to participate fully in self-organised node placement. This is because we are interested in the interrelationships between users' interests and documents collected by Jasper. Allowing user profiles to be fully mixed with filtered documents at this stage is likely to reveal intrinsic patterns connecting user profiles and documents.
Visualisation Techniques Used
Generalised Similarity Analysis (GSA) is a unifying framework for structuring and visualising interconnected documents [3; 6] . It supports the extraction, visualisation and evaluation of structural and behavioural patterns based on inter-document similarities, such as hypertext linkage, content similarity and usage patterns of users who navigate with the structural information. In particular, GSA incorporates Pathfinder network scaling techniques to extract salient associative patterns.
Heuristics and Aesthetic Criteria for Spatial Layout
Self-organised node placement in GSA is based on the spring embedder model, which belongs to a class of graph drawing heuristics known as force-directed placement [14] . In this model, nodes are considered as mutually repulsive charges and links as springs that attract connected nodes. The positions of nodes are guided by forces in the dynamic systems. The satisfactory placement is normally obtained when the spring energy in the entire system reaches the global minimal. We use the term selforganisation in this paper to emphasis the role of these heuristics in satisfying several potentially contradicting aesthetic requirements.
General aesthetic layout criteria include minimising the number of link crossing and overlapping, symmetrical displays and closeness of related nodes. Although the spring embedder algorithm does not explicitly support the detection of symmetries, it turns out that in many cases the resulting layout demonstrates a significant degree of symmetrical arrangements [14] .
In addition to the layout heuristics, a good navigation map should allow users to move back and forth between local details and the global context easily, zoom in and out the visual display at will, search across the entire graph and follow a path consisting of a number of connecting links. More advanced features may include simulation and animation through consecutive views. Some of these requirements can be readily met by VRMLVirtual Reality Modeling Language, especially VRML 2.0.
We also used simulated annealing in our node placement to achieve high-quality spatial configurations at the cost of a longer cooling process. Simulated annealing can deal with more complex situations. For example, one can freeze a special group of nodes as seeds, anchors or reference points depending on visualisation metaphors. At the same time all the rest of the nodes can take part in the self-organising process. We describe the procedure used in the application of GSA as follows.
Procedure
Each Jasper store has 10 substores. A document is stored in one of these substores according to the last digit of the document ID. These substores have more or less the same size. We randomly selected one substore containing 127 documents and 11 user profiles from 91 user profiles maintained by Jasper. Strategies for applying this method to the entire Jasper store and user profiles are discussed as follows.
Vector space models were generated using terms appeared in user profiles as well as documents. Standard procedures used in the information retrieval community were closely followed in the construction of these vector space models, such as removing stopwords (i.e., words with a low discrimination power, such as "and" and "the"), stemming terms and eliminating terms which only occurred in a single document. Term weights were computed according to the well-known tf × idf formula [20] , in which each document corresponds to a vector of terms. These terms are weighted to indicate the indexing power of a term for the given document. The overall similarity between two documents is computed based on the distance between the two corresponding vectors.
To concentrate on the effect of users' interests, we combined the two vector space models on terms used in user profiles T profile . The combined vector space, denoted as C profile ∪C doc , included both user profiles from C profile and documents from C doc . Term weights in the combined vector space were determined as follows:
where w ik is the weight of term T k in the ith element, either a document or a user profile, C doc is the collection of sampled documents, C profile is the collection of user profiles and T profile is the vocabulary derived form user profiles.
A 138 × 138 similarity matrix was computed using the inner product of corresponding vectors in the combined vector space. The matrix was symmetrical. We decided that (1) all the nodes should appear in the visualisation and (2) the number of links in the visualisation should keep the visualisation concise and highlight distinct Proceedings of the 32nd Hawaii International Conference on System Sciences -1999 0-7695-0001-3/99 $10.00 (c) 1999 IEEE Proceedings of the 32nd Hawaii International Conference on System Sciences -1999 structural patterns. Pathfinder networks and minimal spanning treed were used to improve the clarity of the visualisation. In particular, we examined the role of reference points played by user profiles in self-organised structural visualisation of Jasper stores.
Results
In this section, we present structural visualisations based on Pathfinder networks and minimal spanning trees. We highlight the role of reference points and its relationships with user profiles.
Pathfinder Networks and Minimal
Spanning Trees It is clear that salient structural patterns are lost in the Pathfinder network due to the large number of links. In this situation, it turned out that the triangular inequality condition was not strong enough to reduce the number of links in the network further.
A Pathfinder network is the union of all the minimal spanning trees derived from a weighted graph [21] . A weighted graph has a unique minimal spanning tree if and only if all the weights have distinct values. An excessive number of links is due to many similarity entries having the same value. Figure 2 shows a visualisation based on the minimal spanning tree algorithm [24] . The resultant network is essentially a minimal spanning tree in that no more than five extra links were allowed in addition to links in the initial minimal spanning tree. Extra links were selected by the values of their weights. Although the overall structure of the graph becomes clear and concise, it seems that distinctive, characteristic local patterns are still difficult to detect. Distinctive local patterns are desirable because users may find easy to locate a specific cluster of documents with something in common. 
The Role of Reference Points
Our magnetic field metaphor is based on the notion of reference points. The notion of reference points [17] suggests that some particularly salient or distinctive points, conceptually or visually, play the role of a reference context to which other points are seen "in relation to." Geometric properties such as symmetry, perpendicularity and parallelism can make a pattern distinctive and special. People often recognise patterns such as stars, rings and spikes in a Pathfinder network.
According to Rosch et al. [19] , the "starness" of a pattern of association tends to indicate objects that ".. Proceedings of the 32nd Hawaii International Conference on System Sciences -1999 paper, we hypothesized that a considerable number of star-shaped, profile-centred document clusters would emerge if user profiles were included in the selforganising process. Users then would be able to have a better understanding of profile-document relationships by examining the vicinity of a user profile and thereby share information more effectively.
Our work is also inspired by Salton's description of an effective indexing space in [20] . An effective indexing space may look similar to the one shown in Figure 3 .a, in which similar documents are easily separable from the remaining ones. The retrieval of a given document will lead to the retrieval of many similar ones in its vicinity. At the same time extraneous documents located at a greater distance are easy to reject. On the other hand, if documents are randomly distributed across an indexing space, as shown in Figure 3 .b, it is much harder to distinguish relevant documents from other documents. The starness of a cluster can be calculated based on the degree of each node in the cluster, i.e., the number of links attached to the node. One way to calculate the index of starness is to use the percentage of links that connect with the central node  dividing the total number of links from and to the central node by the total number of links in the network yields,.
Schvaneveldt et al. [21] examined Pathfinder networks of concepts associated with basic level categories such as fish, bird and tree. They found the starness of .90, .89 and 1.00 respectively, accounting for 90%~100% of the links in corresponding Pathfinder networks. In Figure 4 , the 11 user profiles, 8% of the 138 nodes, accounted for 69% of the links in the network, whereas the remaining 127 documents, 92% of the nodes, only shared 31% of the links. Using user profiles has clearly improved the clarity and conciseness of the overall structure. Users can use their information filtering profiles as reference points to explore documents related to specific interests in Jasper. For example, users may find several documents on electronic commerce by exploring the vicinity of the profile of an electronic commerce expert.
The structural visualisation in Figure 4 was generated using both minimal spanning tree and Pathfinder network scaling algorithms. One possible explanation for the clustering patterns is due to the nature of user profiles and basic level categoriesboth of them tend to associate with a class of concepts or documents. Further work is needed to explore the extent to which this approach can be generalised to other application domains. Figure 6 shows an example of how the structural visualisation can help the design of a new user interface. The self-organised map can be generated as a virtual world in both VRML 1.0 and 2.0. The version shown in the interface was in VRML 1.0 with a VRML browser Live3D, which is now integrated into Netscape Navigator.
VRML and Beyond
This user interface is divided into three areas. The lefthand side window contains a navigation map as a virtual world. Users can explore the overall structure as well as examine local patterns. The right-hand side of the interface is split into two parts. The small window on the top displays a selected user profile. The larger window underneath displays the content of a document currently selected from the navigation map. The navigation map is always available to the user so that one can easily select a previously visited document from the map. Using virtual worlds enables users to perform many tasks more easily and intuitively. Figure 6 shows a closer view of the structure as the user moves towards a user profile to study local patterns associated with the profile.
Figure 6. A user profile and its cluster.
User profile 1 in Figure 6 has the following keywords 1 :
electronic, cash, copyright, directory, white, yellow, firewall, federation, data, privacy
The first 10 documents in the cluster are listed in Table 1 by document-profile similarities. Annotations of these documents indicate that they appear to be relevant to topics specified by the profile. There are some apparent connections, for example, "applet security" to firewall and privacy and "Internet shopper" to cash and electronic. 
Discussion
From the point of view of user interface design, a key concept in our work is the integration of spatial, semantic, and social structures as a collaborative virtual environment for knowledge management.
Evaluation
There are fundamental questions. For example, to what extent users can benefit from the spatial relationships shown to them? Will they find easier to manipulate objects in a 3D virtual world? The evaluation of the quality of structural visualisation and virtual reality is not easy. To evaluate the impact of a particular computational environment on knowledge management and organisational memory could be much more complex and challenging.
A number of empirical studies in hypertext systems focused on spatial ability and cognitive style [2] . The interrelationship between individual users' spatial ability and the spatial-semantic user interface generated with similar techniques was explored in a recent empirical study [5] .
Empirical studies also suggested that a good structural visualisation may be particularly useful to people with lower visualisation ability. Campagnoni and Ehrlich [2] found that users with lower visualisation ability used the top-level table of contents more frequently than users with good visualisation ability. A natural starting point is to apply similar experimental designs to the study of the relationships between users' spatial ability and the structural visualisation in virtual worlds.
Implications for Organisational Memory
The integration of spatial and semantic structures provides a basis for social navigation. For a user, one of the basic requirements for organisational memory applications is a mechanism that can help people to organise and re-organise a complex collection of information for sharing. Figure 7 shows a screenshot of a spatial multi-user virtual environment. The spatial structure generated for Jasper could be placed into the background. One would expect that the social navigation, as proposed in [10] , is likely to emerge in such virtual environments. A group of people gathering around a particular area in the virtual world may suggest some interesting documents. With the increased awareness, domain experts can see who is coming towards their clusters of documents. Social interaction based on common interests in a subject matter can be expected. The integration of information filtering and visualisation techniques for the Jasper system suggests that our approach is potentially useful for organisational memory applications.
Conclusion
In this paper we have described a unique type of knowledge management systems  virtual reality-enabled multi-user virtual environments with spatialised semantic structures. Such virtual environments would be particularly suitable for users to exploit emerging knowledge structures concerning a group of people and engage in social interaction with concurrent users in the virtual world. The design principle has been illustrated by an example of how a heterogeneous collection of accumulated documents and user profiles can be visualised in order to reveal the interconnectivity between user profiles and documents as well as inter-document relationships.
In particular, we have shown that the quality of structural visualisation, such as the clarity and explicitness, can be improved by using link reduction strategies such as minimal spanning tree and Pathfinder network scaling algorithms as well as providing additional reference points with user profiles.
In this paper, our example is based on salient relationships extracted from more than 18,000 links connecting 138 nodes, including both user profiles and documents. Currently, Jasper maintains the profiles of more than 90 users. We are experimenting more efficient clustering algorithms in order to divide a large collection of documents into a number of smaller clusters. Our approach can be directly applied to a collection of clusters as well as documents such that users can access the underlying document space at different levels of detail.
Since node placement is one of the most time-consuming and computational demanding task, the divide-andconquer strategy is a feasible solution in practice, avoiding the need for finding an optimal layout of a large similarity matrix.
Another desirable feature is an integrated search and browsing facility for the same information filtering and sharing environment. For example, in [6] , we superimpose search results over a global semantic structure in the virtual world. Users can regard these search results as yet another type of reference points in guiding their browsing to promising areas.
It is clear that a lot of work is to be done in the future to improve the system performance and verify our various hypotheses. Integrating spatial, semantic, and social structure with virtual reality techniques opens a wide range of opportunities that may eventually allow users to manage domain knowledge more intuitively and collaboratively.
The approach described here becomes more and more feasible as the computing resources required for virtual reality-based user interfaces, such as fast 3D graphics display and VRML worlds rendering, become increasingly accessible to millions of ordinary users. This is a fast-moving and challenging area of research and development. Both interface designers and users are looking for new metaphors that can accommodate the complexity of working with 3D virtual worlds so as to transform the complexity into a natural, intuitive and effortless style of human-computer interaction.
